export by Disp, the levels of a soluble form of Hh protein released into the medium are increased many fold upon To investigate the role and mechanism of Disp protein action in mammalian Hh signaling, we characterized two coexpression of mammalian or Drosophila Disp proteins. This activity is disrupted by alteration of residues murine disp homologs. We demonstrate that one of these, mDispA, is required for all detectable manifestafunctionally conserved in Patched and in a related family
Figure 2. Early Embryonic Expression and Functional Conservation of mDispA, but not mDispB (A-C) mDispA is nearly ubiquitously expressed during early embryonic development, as indicated by whole-mount in situ hybridization of wild-type embryos with antisense mDispA probe at E8 (A), E8.75 (B), and E9.5 (C). (D) shows the gradient of mDispA message level across the hindlimb bud of E10.25 wild-type embryo (anterior is up). (E-I)
The disp mutation in Drosophila can be rescued by mDispA, but not by mDispB.
(E) Diagram of a wild-type third instar Drosophila wing imaginal disc. Endogenous Hh is expressed in the posterior (P) compartment, inducing a 5-10 cell wide band of anterior (A) compartment cells to express the ptc-lacZ reporter gene (red). Blue color indicates the pattern of en-GAL4 driven ectopic gene expression. The yellow box demarcates the region analyzed in (F-I).
(F) shows the wide band of ptc-lacZ expression in wild-type wing disc. In disp wing discs (G), the ptc-lacZ expression is limited to a 1 or 2 cell wide region adjacent to the A-P boundary. This defect can be fully rescued by expression of mDispA (H) but not mDispB (I). disp mutants die at pupal stage (Pupal lethal), and this lethality cannot be rescued by mDispB expression. In contrast, mDispA-expressing disp flies develop to adulthood with normal wing pattern (compare J and K).
of bacterial transmembrane transporters, thus sugmDispB, respectively, display sequence identities with Disp of 36% and 31%, discounting the gaps, whereas gesting the possibility that all of these proteins act by similar mechanisms. sequence identity in this region is 42% between mDispA and mDispB. These relationships suggest that the two murine homologs duplicated after divergence of the insect Results and Discussion and mammalian lineages. Consistent with this scenario, the coding sequences of mDispA and mDispB are identiIdentification of Two Murine cally distributed among seven exons, whereas Drosophdispatched Homologs ila Disp coding sequences are differently distributed Using ESTs identified in database searches and by with only a single intron/exon junction at a point homolocDNA cloning, we characterized coding sequences for gous to a junction in the mDisp genes (see Figure 1A) . two murine homologs of disp, mDispA, and mDispB ( Figure 1A) . Based on the experimentally verified topology of the homologous protein, NPC1 (Davies and IoanEarly Embryonic Expression and Functional Conservation of mDispA, but not mDispB nou, 2000), we propose a membrane topology for Disp that includes twelve transmembrane spans, with cytoGiven their probable duplication from a single ancestral gene, we sought to distinguish mDispA and mDispB plasmic N-and C-terminal tails ( Figure 1B) . The predicted amino acid sequences of Disp, mDispA, and functionally on the basis of their embryonic expression and their ability to complement disp mutations in DromDispB are easily aligned, with greatest similarity noted within a continuous region that includes and extends sophila. By in situ hybridization, we found that the mDispA message is detected throughout the embryo at just beyond the twelve predicted transmembrane spans (TM region; Figure 1A) ; little similarity occurs outside this 7.5 days of gestation (E7.5; data not shown). This nearly ubiquitous expression of mDispA is maintained throughregion. Overall, the murine proteins, particularly mDispA, have larger N-and C-terminal cytoplasmic domains, out all stages examined, albeit with some tissue-specific variations in level. Thus, for example, the level of expreswhereas the Drosophila protein has relatively larger loops, particularly the extracellular loops between TM1 sion at E8 is higher in the somites than in the rest of the embryo (Figure 2A ), and a higher relative level of and TM2, and between TM7 and TM8.
Within the membrane-spanning region, mDispA and expression is observed in the branchial arches at E8.75 ( Figure 2B ) and in the limb buds at E9.5 ( Figure 2C ); in concentrated on mDispA as the gene most likely to play a role in early mammalian Hh signaling. The genomic contrast, little expression is observed at E8.75 in the heart. A short color reaction at E10.25 reveals an apparorganization of the mDispA gene ( Figure 1C ) reveals that the 3Ј-most coding exon contains 78% of the coding ent gradient of mDispA mRNA levels across the forelimb and hindlimb buds, from highest at the anterior to lowest sequence (1193/1521 codons), including eleven of the twelve transmembrane domains. We therefore elimiat the posterior ( Figure 2D ), suggesting that mDispA transcription in the limb bud may be negatively regulated nated this exon by targeted recombination ( Figure 1C ) in the expectation that such a deletion would cause by signals from the posterior, such as Shh. At all the stages examined before E10, the sense strand probe complete loss of mDispA function. We found, using this targeted allele of mDispA, that for mDispB yielded a stronger signal than the corresponding antisense strand probe (data not shown), sughomozygous mutants (mDispA
) die at or soon after E9.5 whereas heterozygotes (mDispA ϩ/Ϫ ) are phenotypigesting that mDispB is not expressed during the first half of gestation.
cally wild-type. The early demise of mDispA Ϫ/Ϫ embryos suggests a phenotype more severe than that of Shh Ϫ/Ϫ For further assessment of mDispA and mDispB, full coding sequences were tested for their ability to rescue embryos, which survive through most of gestation (Chiang et al., 1996) . Indeed, a direct comparison at E9.5 a disp mutation. Although both proteins were expressed in Drosophila cultured cells (data not shown), their bioreveals that mDispA Ϫ/Ϫ embryos ( Figure 3A embryos. Thus, sclerotomal Pax1 expression is lost (although Hh-independent expression in the pharyngeal pouches is maintained; see Figure 5M ), Pax7 expression expands ventrally throughout the entire paraxial mesoderm ( Figures 5D-5F ), and the epaxial domain of Myf5 expression in the dorsal somite is lost (Figures 5N-5P ), even though a more ventral domain of Hh-independent expression of Myf5 is maintained.
Response of mDispA
Ϫ/Ϫ Cells to Hh Signaling Although most aspects of Hh signal response appear to be disrupted in mDispA Ϫ/Ϫ embryos, some expression of the Ptch-lacZ reporter is retained in the notochord and in the gut at E9.25 ( Figure 5C ); this expression is even clearer at E8.5, before the onset of notochord degeneration ( Figure 6A ). The retention of Ptch-lacZ ex- ability of mDispA Ϫ/Ϫ cells to correctly process Shh, we transfected an expression construct for full-length Shh into mDispA Ϫ/Ϫ cells and compared the mobility of the protein produced to that produced by an expression terol modification. We found that Shh protein expressed in mDispA Ϫ/Ϫ cells was efficiently cleaved and that its construct for ShhN. The Shh expression construct encodes a full-length protein that undergoes internal cleavelectrophoretic mobility was slightly greater than that of ShhN ( Figure 6C ), indicative of normal cholesterol age and modification by cholesterol at the newly formed C terminus followed by palmitate addition at the N termimodification (Porter et al., 1996b ). This mobility was not altered by cotransfection with expression constructs for nus (ShhNp). The ShhN construct contains a stop codon following the site of internal cleavage and therefore promDispA or mDispB, and these results suggest that the signaling defect in mDispA Ϫ/Ϫ embryos is not due to a duces a protein (ShhN) containing the same amino acid residues as the processed protein but lacking cholesdefect in Shh processing.
Defective Export of ShhNp from mDispA Ϫ/Ϫ Cells extracellular loops at homologous positions in the two units, between TM1 and TM2, and between TM7 and To explore whether the mDispA Ϫ/Ϫ signaling defect is due to an inability to present or release a signaling-TM8 (see Figure 1B) . mutations and unable to release Hh proteins in cultured cell assays. To further test whether these conserved To directly measure release of processed Hh proteins, we inserted coding sequences for Renilla luciferase inAsp residues are important for the function of Disp proteins, we introduced Asn or Ala substitutions at these frame into the amino-terminal signaling domains of fulllength Hh and Shh coding sequences ( Figure 7A ). The sites and tested expression constructs encoding these altered proteins for their ability to export Hh proteins point of insertion was a peripheral loop within the structure of ShhN (Hall et al., 1995) , and the ability of Hhfrom S2 cells. We found that neither Disp nor mDispA in either of their altered forms were able to increase Rluc and Shh-Rluc proteins to undergo processing was preserved (data not shown). We then transfected exexport efficiency of Hh proteins when tested in the S2 cell assay ( Figure 7D ). To further test these altered propression constructs for these modified Hh proteins together with expression constructs for Disp proteins and teins and to validate the S2 cell export assay, we tested both altered Disp proteins for their ability to rescue the assayed the release of Renilla luciferase activity into the culture medium. Upon testing of several cell lines for Drosophila disp mutation in vivo. Similarly, we found that neither Disp protein carrying the Asn or the Ala substiDisp protein enhancement of protein export, the best results for Hh-Rluc and Shh-Rluc proteins were obtained tutions was able to rescue disp mutant function in the wing imaginal disc ( Figures 7G-7H ; Ihh Ϫ/Ϫ double mutant (Zhang et al., 2001) . However, the phenotype also apdatabase clearly shows sequence similarity not only to Ptc (Burke et al., 1999) , but also to the prokaryotic RND pears to owe its severity, at least in part, to a distinct balance in the relative importance of long-range and permease superfamily. The majority of these proteins are prokaryotic efflux pumps involved in conferring reshort-range signaling in Drosophila and in the mouse. In Drosophila disp mutants, short-range Hh signaling is sistance to drugs or heavy metals or in the secretion of endogenous molecules. These proteins appear to have intact and contributes to maintenance of target gene expression and to patterning. In mDispA Ϫ/Ϫ embryos, arisen by tandem duplication of a six transmembrane unit (Tseng et al., 1999) to give rise to the twelve transsome signal response is retained in cells that express Shh (Ptch-lacZ is expressed in the notochord), but this membrane spans of the full structure, including large directly in Passive Lysis Buffer (Promega). Conditioned medium was further cleared by centrifugation at 21,000 ϫ g, and reporter activities in the cell lysates and conditioned medium were assayed Experimental Procedures as above. Similar results were observed using ultracentrifugation (100,000 ϫ g for 1 hr). The relative export efficiency index was Cloning and Sequence Alignments calculated using the following formula: Expressed sequence tags (ESTs) corresponding to the two murine disp homologs were identified by database search, and the initially identified ESTs were used to screen mouse cDNA libraries. mDispA
Renilla luciferase Activity in conditioned medium
Renilla luciferase activity in cell lysate ϩDisp Renilla luciferase Activity in conditioned medium Renilla luciferase acitivity in cell lysate ϪDisp cDNA was isolated as a single cDNA clone from a mouse testis cDNA library, and the full-length mDispB cDNA was assembled from two independent clones isolated from a mouse lung cDNA library. The accuracy of the full-length sequences was confirmed both by
